Introduction
Infrastructures are the lifeblood of societies and their economy, and, consequently, societies rely on sound, functioning infrastructures to provide the expected public value [1] [2] [3] . As infrastructures are generally long-term interventions in society and shaping future societies, infrastructures have to be sustainable. The design of sustainable societal infrastructures is challenging. This article focusses on drinking water infrastructures that generally operate on a smaller scale. The literature on drinking water infrastructures is ample, with subjects like the related power relations, the need for local participation, the need for water protection, and the vulnerability to water scarcity, climate change, and other geo-physical changes [4] [5] [6] . For drinking water infrastructures, integrated planning is necessary to deliver reliable drinking water and its related public value; delivering on social, environmental, economic, and even mental well-being [7] . In integrated planning, dependencies with other societal infrastructures are always present, from polluted waterways to cohabited underground space. However, what are the elements for integrated planning when dependencies are present with other societal infrastructures that mainly operate at a larger scale? How do we link the local ties of Drinking Water Infrastructures to the wider ties of large-scale infrastructures? What complexities occur, and how can they be managed in a sustainable way?
Societal infrastructures have to be considered as Social Technical Systems, with actor behavior explaining the performance as much as the technical design. Moreover, the Drinking Water Infrastructure (DWI) system is a System of Systems (SoS) operating in both the Social Technical Systems (STS) and in the Social Ecological System (SES), as the water resources and space used for DWI, including zones used to protect the quality of the extracted water, are part of the SES [8] [9] [10] . The interface between these two systems is complex due to the different characteristics and sustainability demands of STS and SES systems.
Using and protecting water resources for DWI systems requires a lot of space, which often causes conflicting claims on the space from other infrastructures [9, [11] [12] [13] [14] [15] . The objective of this paper is to learn more about this type of conflicting claim and to develop design principles in order to be able to design societal infrastructures in a more sustainable way without this type of conflicts.
Especially in urban areas, the space available is becoming more and more crowded, making it important to prevent or reduce the impact of conflicting claims of infrastructures. If infrastructures have a claim on the same space, costly measures have to be taken to guarantee the functioning of the infrastructures [16] .
Systems are less affected by conflicting claims if they have the resilience to adsorb disturbances and are capable of re-organizing while undergoing changes [17] [18] [19] [20] . The resilience concept may be used to develop design principles. The research question concerns how the resilience concept can be used to develop design principles to prevent conflicting claims of societal infrastructures and achieve a more sustainable situation.
Approach and Resilience Concept

Approach
In this sub-section, the materials and methods of this research are described. The objective of this research is to develop design principles to prevent conflicting claims of large societal infrastructures. To develop these design principles, a case study was carried out in the city Zwolle, in the Netherlands, where a drinking water production plant with protection zones is located. With regard to infrastructures, an overlap exists between the drinking water protection zone and a new railroad in the protection zone (conflict 1), and also between the drinking water protection zone and the river IJssel and water safety improvement measures (conflict 2).
First, in Section 2.1, the resilience concept is studied in more detail to determine how this concept can be used in this specific case to develop design principles. Resilience is a way of coping with change [21] and can be used to address the dynamics and developments of complex systems [17] .
The resilience perspective is from ecology, where it is defined as the capacity to persist within one domain in a world with alternate domains of attraction with non-linear dynamics [8] . Systems can retain the same function, structure, identity, and feedbacks if they have the resilience to adsorb disturbance and re-organize while undergoing changes in their adaptive capacity and other capacities like human actions [8, 18] .
Resilience is appropriate for disruptions with a high impact and a low frequency [22] . This makes resilience an interesting concept for studying the way that a DWI system can minimize the impact of conflicts between infrastructures due to changes.
Resilience is a broad concept, is highly contextual, and is dependent on the environment, the disruptive event, and the architecture of the system [22] . Quantitative design approaches are missing, and that is the reason that principles and heuristics have been developed, including the so-called Resilience Enhancing Design Principles (REDP) [22] [23] [24] [25] [26] . DWI systems work at the interface of two systems (SES and STS). At that interface, a choice has to be made between the REDP of STS and SES because, in the interface, both are valid. In this research, the REDP of a SES, which are structured along two axes and are used (Table 1) because the conflict of societal infrastructures (STS) is a conflict on space. This is an important subject of SES. Another reason is that societal infrastructures are mostly seen as an STS, and studying STS infrastructures from an SES perspective is a new and challenging perspective.
In Section 3 the case is described with a focus on the two conflicts. What were the causes of these conflicts and how were they handled?
In Section 4, the case is analyzed with the objective of finding design principles. In the second part of this section, the applied methodology to define design principles is evaluated on three criteria: reliability, validity, and generalization, as described by Morse [27] and Maxwell and Chmiel [28] :
• Reliability: are the same design principles obtained if the study was repeated?
• Validity: are the conclusions recognizable by the stakeholders? The discussion is done by evaluating the acceptance of the results by the stakeholders. • Generalization: are the design principles applicable for other cases with conflicting infrastructures?
In the last section, the conclusions and recommendations are presented.
Resilient Enhancing Design Principles in Social Ecological Systems (SES)
In this sub-section, the Resilient Enhancing Design Principles and the way they can be categorized are described.
Resilient Enhancing Design Principles (REDP) in SES are summarized by Biggs [25] in seven generic resilience principles for enhancing social-ecological systems in order to deliver the desired services. These seven principles can be organized along two axes, one axis focusing on the analysis (of the architecture) of the system or the governance of the system and the other axis on system structure or system dynamics (Table 1 ) [17, 29] ). 
Case Study Zwolle
In this chapter the case is described with a focus on the two conflicts. What were the causes of these conflicts and how were they handled?
During the industrial revolution, a lot of people moved to the city to find a job, which caused hygiene problems because more and more people were living on the "same" surface. Faeces contaminated the water that was used as drinking water, and the first outbreak of a cholera epidemic was in 1830 in the London area. Thousands of people died and collective sanitation was needed [30] . In the Netherlands, local communities were responsible for the sanitation. Amsterdam was the first community to take on this responsibility, establishing a water company in 1853. Zwolle, the research area of this case study, followed in 1893 [30] . Zwolle was founded in the Middle Ages on a sand ridge between two rivers: the IJssel (one of the outlets of the river Rhine) and the Vecht. South of the Ijssel, a very big sand ridge emerged during the last ice age: the Veluwe.
Sand ridges are very attractive for extracting groundwater for drinking water supply. The chemical reactiveness of the sand ridge is low, which makes the water very easy to purify. Even nowadays water extracted in some locations on the Veluwe does not need any treatment [31] . This was the reason that the community of Zwolle started, in 1911, a groundwater extraction on the Veluwe for the drinking water supply of Zwolle. This location was called "Zwolse Bos", which means wood of Zwolle, because on the location trees were also planted for wood production. A pipeline under the IJssel was made to transport the water to the city of Zwolle. During World War II, bridges over the river IJssel were bombed frequently. The vulnerability of pipes-to bombing-in the Ijssel was the reason that, after the war, the community of Zwolle decided to close the extraction on the Veluwe and to move to a place close to the city, called Engelse Werk (Figure 1 ). In Engelse Werk, a park was landscaped in the English style, with a lot of ponds and canals. The Dutch national Research Institute for Drinking Water (RID) (Rijks Instituut voor Drinkwatervoorziening), which was established to help the communities with knowledge, wrote in 1959: The subsoil at Engelse Werk can be seen as a sand layer, with a thickness of 150 m, with very good water permeability. Above this sand layer is a layer with low water permeability that consists of clay and peat [32] . In 1960, the Water Company received a permit to extract 5 million m 3 /year.
A few years later, customers started complaining about the taste of the drinking water. Employees of the Water Company found that the bad taste was found in some of the wells and they cleaned the wells carefully. It took several decades of research and discussion to act on these complaints. In 1986, the drinking water treatment facility was extended with activated carbon to eliminate the taste problems.
The opinion of the national government on the use of groundwater for drinking water changed in time ( A new extraction permit for 8 million m 3 /year was given by the ministry in 1970. The permit had two conditions: regularly measuring some of the monitoring wells and the level of the ponds in the park Engelse Werk. If the level of the ponds became too low, the water company had the obligation to take measurements.
In 1977, the province wanted to protect the quality of groundwater by defining protection zones, where the groundwater had the same or a lower travel time, before it was extracted in accordance with the environmental rules in those zones [42] . There were different zones defined to guarantee the biological quality (first zone), the chemical quality (second zone), and the, from a quality risks viewpoint, undesired combinations of potential pollutant activities, or functions (third zone). For the clarity of this article, these different zones are not further distinguished, as they all have comparable impacts on other infrastructures.
A report of the National Geological Institute in 1978 changed the ideas of the subsoil dramatically, stating that: "It should be considered that the subsoil of the Engelse Werk is a glacial disturbed area (part of the Veluwe) and understanding of this subsoil requires a very dense amount of bore holes" [43] . A few years later, the drinking water company presented the results of chloride measurements in an internal report and concluded: "the extracted groundwater contains much more infiltrated water of the river IJssel then we ever thought before" [44] . The amount of infiltrated surface water was about 2/3 of the total extracted water amount, with an average travel time of four years. This was a mind shift, because now the quality threats came from two sides: not only polluted groundwater from the city (area around the railway station) but also pollutions in the IJssel river. A few years later this became a reality because, in 1987, a pollutant of the river water, Bentazon, was found in the extracted water [45] .
Additionally, during that time, the impact of the warning from the National Geologic Institute became more concrete. Several geo-physical investigations and drillings made clear that tilted clay layers in the shallow sand layer disturbed the groundwater pattern dramatically [46, 47] .
For the expected increasing water demand the Ministry of Infrastructure and Water management gave, in 1986, a new permit for the groundwater extraction of Engelse Werk of 10 million m 3 /year, with comparable conditions to the permit of 1970. The permit also contained the permission to extract 2 million m 3 /year in a deeper sand layer. The impact of an extraction under a very thick and nearly impermeable layer is spread over a large area and is in the Zwolle area that is neglectable compared to the bigger extraction in the shallower sand layer. This is the reason that the extraction in the deep layer is not treated further in this article. As a result of the new permit, comparable with earlier permits, the extraction, treatment, and pumping installation were extended.
Based on this new permit and new information on the subsoil and the groundwater flow pattern, the groundwater protection zones and rules of the province were sharpened in 1986 and 1989. In 1999, in an extraction well located close to the railway station, vinyl chloride (a pollutant with an industrial background) was found. Groundwater pollution, caused by industrial activities around the railway station, was, from that moment on, an important issue in the groundwater protection activities. An independent engineering consultant calculated how the protection zones could be changed if the wells were moved away from to railway station to the IJssel [48] .
To secure the future drinking water demand, the drinking water company applied, in 1990, for a new permit for an extraction of 12 million m 3 /year. The production of drinking water increased in time ( Figure 2 ). Another threat for the drinking water extraction was the decision of the Ministry of Infrastructure and Water Management to build a new railroad (the Hanze railroad) to connect the western and northern part of the Netherlands [49] . The central connection point was the railway station of Zwolle, and years later it turned out that the new railway-and other installations that were necessary because Zwolle became a very important railway connection point-was planned next to the extraction wells of Engelse Werk. These activities are forbidden in the protection zones, as described in the rules of the province. This led to many administrative and legal efforts to integrate these activities.
During the same period, the drinking water company published a long-term plan [50] with the strategy for Engelse Werk: "Maintaining and maximum use of the licensed capacity of English Work and solving the quality problems, especially hardness". The background of this strategy was based on the expectation that the expected growth of the water demand would not occur and that developing new extraction locations was not necessary anymore. It was better to optimize the existing locations via a sustainable integration with other functions or via reliable connections (with pipes) to other production locations to guarantee the drinking water supply at all times. This was a mind shift, as earlier plans emphasized the need to develop new extraction locations.
This ambition for Engelse Werk did not change the long-term infrastructure plans that were published later, but the way to achieve this changed. In 1997 and 1999 the focus was on the awareness of the negative impact and the possibility of eliminating and preventing the negative impact [51, 52] . The next plan was published after a merger between water companies, and the focus was not only on solving negative impact problems but also on the integration of the two companies [53] . The next plan after, another merger, focused more on the following (asset management) business approach: trying to find a balance between acceptable costs, acceptable risks, and desired performance [31] instead of the engineering approach of achieving high performance by reducing risks for acceptable costs.
In 2003, an agreement was established between the industries responsible for the groundwater pollution, the municipality of Zwolle, the province and the water company. The content of this agreement was as follows: "drinking water company removes before 2010 a part of the extraction. After this move the groundwater protection zones are located outside the station area making new activities possible without limitations caused by the groundwater protection rules".
The expectation of the drinking water company was that the current treatment was sufficient in the new situation [48] . This assumption later proved to be partly incorrect. In the new situation, the wells are located close to the IJssel and the large percentage of IJsselwater (up to 90%) and the short travel time of the infiltrated water through the soil, meaning that the extracted water probably would be no longer anaerobic, but aerobic. There was also a need to lower the hardness of the water. The combination of these two aspects made the water company decide to build extra treatment units and reconstruct current treatment processes [31] . These modifications were very costly, and the costs became ten times higher than those estimated in 2003.
In 2004, risk analyzes were made by independent consultants. The objective of the risk analysis made by Arcadis was to calculate the risks and mitigation measures of the new Hanze railroad for groundwater pollution according the protection rules of the province [54] . TAUW [55] compared different locations for the extraction wells. It was difficult to define the optimal location, as all locations had advantages and disadvantages. In an agreement with the railway manager, some wells close to the railway had to be replaced and groundwater protection measures had to be taken.
The drinking water company made an internal study a reconsideration of the agreement of 2003, in which parties agreed to replace a part of the extraction [56] . In this review, the drinking water company compared different alternatives to secure the drinking water supply of Zwolle and the surroundings. Some of the alternatives were located far away from Zwolle, like a new river bank infiltration plant and the use of other existing extractions. It turned out that differences in costs were not a distinctive criterion, mainly due to different and often unknown life times of the different assets. Uncertainties regarding possible problems by developing new locations increased this complexity. The conclusion of this reconsideration was to continue the replacement, motivated by the importance of keeping to the agreement. To secure the desired amount of 12 million m 3 /year in acceptable protection zones, it was necessary to develop new unorthodox technical solutions to extract groundwater. These different solutions are not discussed in this paper but they illustrate the very limited solution space. In addition to the technical difficulties, it was a challenge to integrate the new extraction wells in a rural environment. The legally required environmental assessment was realized in 2006 [57] .
The objective of the environmental assessment was to realize an extraction of 12 million m 3 /year without risky activities in the protection zones, which was in line with the agreement of 2003 and the agreement about the Hanze railway. To realize this objective and to guarantee a sustainable solution, a partnership 'IJsselzone Zwolle' was established with the community of Zwolle, the drinking water company Vitens, and all public and private partners who were involved. The objectives of the partnership 'IJsselzone Zwolle' were designed to realize a sustainable situation in this area by realizing [57] :
• At least one economically stable farm and several large farms focused on sustainable agriculture and nature management; • The European, national, and provincial nature ambitions for this area;
• An increase in the recreation possibilities;
• Maintenance of the green and quiet character;
• A water management focused on safety (for river floodings), water quantity, and water quality;
• A water extraction in this area to fulfil the abovementioned objective of the drinking water company.
As most of the desired results were realized, this partnership can be seen as successful. The National Program "space for the river" [33] made it, in 2003, necessary to build a secondary channel in the floodplain along the river IJssel close to Engelse Werk. The protection of groundwater for drinking water applications had an impact on the way this work was done. Later, it also became clear that a lowering of the river level was necessary. The impact of the planned lowering of the level of the IJssel by 0.1 m on the groundwater streaming pattern was significant and disturbed the delicate integration process in the partnership IJsselzone Zwolle. This meant that the planned lowering was cancelled and replaced by other measures.
The extraction, in combination with the groundwater protection zones at Engelse Werk, has a critical size, that is, there is no or insufficient room to absorb changes in activities. In addition to the problems mentioned above, households and enterprises are confronted with extra costs to protect the groundwater, and the extraction causes droughts, which impact valuable trees and other nature. The protection zone also has an economic impact in a city like Zwolle, as enterprises have to deal with requirements to protect the groundwater, which can lead to the decision to go to another place.
Results
Analysis of the Case and Identification of Design Principles
In this sub-section, the case is analyzed by using the two axes that are derived in Section 2. Based on the categorization in Table 1 , four combinations are possible by using the two axes. The case is analyzed for each combination of events, incidents, and occasions that impact on the two spatial conflicts: the conflict between the DWI and the RailWay (RW), and the conflict between the DWI and the river or Water Way (WW), with the main players being the community, the DWI, enterprises, and local stakeholders.
The four combinations are summarized in Table 3 . Table 3 . Analysis of the case with use of the governance/analysis dimension and the system structure/system dynamics dimension.
System Structure System Dynamics
Governance of the SES All issues, incidents and occasions with respect to participation of different stakeholders and all static governance aspects All issues, incidents and occasions with respect to learning and understanding of the system Analysis (Architecture) of the SES All issues, incidents and occasions with respect to diversity and connectivity of the system All issues, incidents and occasions with respect to slow variables and feed backs of the system Based on the categorization in Table 3 , all the issues, incidents, and occasions are identified and summarized in Figure 3 . The first column describes these issues, incidents and occasions. Columns two and three describe whether they are applicable in the two conflicts. In column four, an explanation is given, while in the last column the design principles that can be derived are presented. 
Discussion
In this sub-section, the design principles of Figure 3 are discussed on reliability, validity, and generalization.
In the case study, the objective was to identify design principles to design infrastructures in a more sustainable way by learning from two conflicting claims of three specific infrastructures. As can be seen in Figure 3 , there are some similarities and differences between the two conflicts. Based on these, eight design principles were derived (last column of Figure 3) , which have to do with:
The case shows changes in knowledge, technology, and the opinions of stakeholders. Infrastructure systems and the interdependencies of these systems are very complex, and understanding the system on different levels is important to prevent increasing complexity due to changes in the system(s).
(B) Handling the Different Time Scales of Infrastructures
Infrastructures have long, different, and mainly not synchronic lifecycles. The case shows that this is an important cause for conflicting claims. Infrastructure managers should involve each other in the planning phase. This can be done be making infrastructure impact analyses of infrastructure plans. If the planning phases are more or less in the same time period, a co creation processes, like the partnership 'IJsselzone Zwolle' is recommended.
(C) Creating Response Diversity by Using Flexibility
(1) Flexibility in the protection zones. This can be done by designing protection zones based on the real risks and with enough space to adapt to changes. Another strategy is to have the possibility to take measures to reduce the risks of new activities in the protection zones. A requirement to achieving all this is a good understanding of the relation between new activities and the risks for drinking water.
(2) Flexibility in the drinking water infrastructure can guarantee the services in another way. Alternatives that can be realized in a relative short period (about 1 year) are missing in the case. Connections between water resources (with flexibility in the extracted amount of water) or connections between water supply areas, to be able to serve these areas in more than one way, are recommended to increase the response diversity.
(3) Flexible lay-out of the wells of the water resources. The case shows that not all wells are affected by the conflicting claims. Flexibility in the layout of wells, by spreading and making or reserving space for extra wells gives response diversity.
These design principles ( Figure 3 ) are discussed based on reliability, validity, and generalization.
Reliability:
If the study was repeated, would the same design principles remain? The steps that were followed with an impact on the result are: 1) applying the resilience concept, 2) describing the case, 3) analyzing the case, and 4) describing the design principles. These four steps are discussed based on reliability:
(1) Applying the resilience concept. Resilience turned out to be useful for analyzing the case.
Other researchers may use other concepts that can give additional design principles. It is recommended to apply other concepts to find possible additional design principles. (2) Describing the case. The description and information that is found in the desk study depends on the researcher. To prevent missing relevant information, three infrastructure managers (DWI, railway, and waterway) were interviewed and asked to give all the relevant information. (3) Analyzing the case. Using the four combinations helped to identify different design principles, but the results are dependent on the researcher. A double analyze check was done to prevent missing any design principles.
(4) Describing design principles. The description is the result of the previous three steps. Other researchers may formulate the design principles differently, but it can be expected that the content is more or less the same as this-a direct consequence of the previous steps.
Validity:
In the Netherlands, six large infrastructures work together in a cooperation called NGinfra (www.nginfra.nl). The three infrastructures who are involved in the conflict are members of NGinfra. In a meeting of a technical committee of NGinfra with representatives of the three specific infrastructures, the design principles were presented, recognized, and used as building blocks to plan new projects.
Generalization: Spatial conflicts between large infrastructures are seen regularly and it can be expected that the design principles are applicable to all sorts of spatial conflicts between large infrastructures. However, this is not tested yet. It is recommended to study other cases with spatial conflicts between infrastructures and evaluate the use of the eight design principles.
Conclusions and Recommendations
In this section, conclusions and recommendations are given based on the research question. The aim of this study was to develop design principles to prevent conflicting claims of large societal infrastructures, and the research question concerns how the resilience concept can be used to realize this. The literature review showed that resilience is a broad concept and highly context dependent. As DWI systems operate in the STS and SES, and the interest is on spatial conflicts, the resilience enhancing design principles of the SES are used. The REDPs and the categorization of the REDPs of the SES turned out to be applicable in a reliable and valid way to analyze the case and to develop eight design principles. The eight design principles reflect the attention fields of the REDPs. What would the design principles look like if the REDPs of, for example, the STS were used or concepts other than resilience were used? It is recommended to investigate whether other concepts would give additional design principles.
A research method case was used, which turned out to be a good method for developing design principles. Whether the generalization of the results of a case study is possible is always difficult to indicate. As spatial conflicts between large infrastructures are often seen and the results were recognized by the stakeholders, it is expected that the eight design principles are applicable in other spatial conflicts between large infrastructures, but this is not validated. It is recommended to apply the design principles in other cases to evaluate the possibility of generalizing the design principles in other spatial conflicts between infrastructures.
